Purpose: To investigate the venous oxygenation and flow in the brain, and determine how they might change under challenged states. Materials and Methods: Eight healthy human subjects (24-37 years) were studied. T 2 -relaxation under spin tagging (TRUST) magnetic resonance imaging (MRI) and phase-contrast MRI were performed to measure venous oxygenation and venous blood flow, respectively, in the superior sagittal sinus (SSS), the straight sinus (SS), and the internal jugular veins (IJVs). Venous oxygenation was assessed at room air (0.03%CO 2 , 21%O 2 ) and under hyperoxia (O%CO 2 , 95%O 2 , and 5%N 2 ) conditions. Venous blood flow was assessed at room air and under hypercapnia (5%CO 2 , 21%O 2 , and 74%N 2 ) conditions. Whole-brain blood flow was also measured at the four feeding arteries of the brain using phasecontrast MRI. The changes in venous oxygenation and blood flow from room air to hyperoxia or hypercapnia conditions were tested using paired t-tests. Results: Venous oxygenation in the SSS, the SS, and the IJVs was 61 6 4%, 64 6 4%, and 62 6 4%, respectively, at room air, and increased to 70 6 3% (P < 0.01 compared to room air), 71 6 5% (P 5 0.59), and 68 6 5% (P < 0.05) under hyperoxic condition. The SSS, SS, and IJV drained 46 6 9%, 16 6 4%, and 79 6 1% of whole-brain blood flow, respectively, and this flow distribution did not change under hypercapnic condition (P > 0.5).
T he brain's oxygen delivery and consumption through the vascular system represents a key process in sustaining the normal function of the brain. While the arterial oxygenation, flow, and flow territories of the brain have been extensively investigated under both baseline and challenged states, 1 the brain's venous flow and oxygenation have received less attention. Many brain diseases specifically involve the distribution of venous blood flow. In patients with venous thrombosis, venous flow, or the lack thereof, as well as the identification of collateral pathways, may help to depict those patients at risk of developing a venous stroke. 2 Venous flow assessment in patients with idiopathic intracranial hypertension and dural venous sinus stenosis may be used to detect pathological cases where endovascular stent placement could be considered. 3 In patients with hydrocephalus, the known interdependence of cerebrospinal fluid flow and venous blood flow may help in the assessment and therapy of these patients or could provide insight into the pathophysiology of hydrocephalus. 4 Similarly, venous blood flow occur even in the presymptomatic phase and to precede the loss of striatal volume and the onset of symptoms. 8 Therefore, striatal venous oxygenation measurement may serve as a progression biomarker in HD and could be valuable for the development of disease-modifying therapies. In neonatal hypoxic-ischemic encephalopathy, brain metabolism was found to be decreased 9, 10 and could thus be used to evaluate the effect of newly developed neuroprotective therapies. Previous studies of brain oxygenation and extraction relied mainly on PET imaging, which involves radiotracers and arterial blood sampling. 11 The invasiveness of PET imaging makes it less acceptable in healthy or even asymptomatic subjects. In recent years, a few new magnetic resonance imaging (MRI) approaches have been developed to assess venous oxygenation (Y v ) in large draining veins, including T 2 -relaxation under spin tagging (TRUST), 12 T 2 -prepared tissue relaxation with inversion recovery (T 2 -TRIR) 13 and susceptometry-based techniques.
14 Blood-oxygen leveldependent (BOLD) techniques such as quantitative BOLD (qBOLD) 15 or calibrated BOLD, 16 and susceptibility techniques such as quantitative susceptibility mapping (QSM), 17 which allow voxel-wise oxygenation extraction mapping, were also proposed. For venous flow assessments, noninvasive methods using phase-contrast (PC) MRI have been developed. 18, 19 These novel, noncontrast techniques may accelerate the translation of venous hemodynamics assessment to clinical investigations of brain diseases (eg, deep gray matter oxygen metabolism may be a biomarker for HD). However, normative values for venous flow and oxygenation in major venous branches have not been established to date.
In the present study, we investigated the distribution of oxygenation and flow in the brain's venous system by measuring the oxygenation and flow in the major draining veins of the brain using TRUST MRI and PC MRI, respectively. To enhance further insight into this topic, we investigated the change in oxygenation distribution under hyperoxia condition and the change in flow distribution under hypercapnic conditions.
Materials and Methods

Study Design
The study was approved by the local Institutional Review Board. Eight subjects (four males, 24-37 years) were studied. All subjects gave written, informed consent before participation. MRI was performed on a clinical 3T system (Achieva, Philips Medical Systems, Best, the Netherlands) using a quadrature body coil for transmission and a 32-channel receiver head coil. Foam padding was placed around the head to minimize motion during the MRI scan acquisition.
Each MRI session consisted of three parts: 1) Measurement of oxygenation and venous blood flow at major veins, specifically, the superior sagittal sinus (SSS), the straight sinus (SS), and the internal jugular veins (IJVs), using TRUST MRI and PC MRI during room air breathing; 2) Measurement of venous oxygenation in these veins under a hyperoxic (95% O 2 breathing) condition; and 3) Measurement of venous blood flow in these veins under a hypercapnic (5% CO 2 breathing) condition. During the hyperoxic condition, we measured only venous oxygenation, because previous studies have shown minimal change in blood flow during hyperoxic challenge. 20 During the hypercapnic condition, both blood flow and venous oxygenation increase, but these changes are coupled, 21 so we focused only on venous blood flow during hypercapnia and did not collect venous oxygenation. During the MRI session, the subjects were breathing through their mouth with either room air (0.03%CO 2 , 21%O 2 ) or prepared gases (hyperoxia [O%CO 2 , 95%O 2 , and 5%N 2 ] and hypercapnia [5%CO 2 , 21%O 2 , and 74%N 2 ], respectively) from a Douglas bag as described previously. 22 To restrict breathing via the nose, a tightly fitted nose clip was positioned on the subject's nose. End-tidal O 2 (EtO 2 ) and end-tidal CO 2 (EtCO 2 ) were monitored and recorded. Time was allotted for the subject to reach equilibrium status during normocapnia, hyperoxia, and hypercapnia before the actual MR measurements were started.
Measurements of Venous Oxygenation
We used the TRUST MRI 12 sequence to measure oxygenation in the main draining veins of the brain (SSS, SS, and IJVs). TRUST MRI measures the transverse relaxation rate (T 2 ) of pure blood and relies on the principle that the T 2 of the blood has a wellestablished relationship with Y v and the hematocrit level. 23 The TRUST technique magnetically labels the incoming venous blood by applying a radiofrequency (RF) pulse. Subtracting the images with and without the labeling yields an image of the pure blood signal. In addition, flow-insensitive T 2 -preparation pulses are added to incorporate T 2 -weighting into the signal. The blood signal (DS) and the T 2 -preparation duration (ie, effective echo time [eTE] ) have the following relationship:
where S 0 is the pure blood signal without T 2 -weighting, T 1b is the longitudinal relaxation rate of blood (assumed to be 1624 msec 24 , and T 2b is blood T 2 . The monoexponential fitting of DS and eTEs gives the T 2 value of the venous blood. The imaging parameters of the TRUST MRI sequence were as optimized in a previous study 25 : repetition time (TR) 3000 msec; inversion time (TI) 1022 msec; four eTEs (1, 40, 80 , and 160 msec) with a sCPMG of 10 msec; voxel size 3.44 3 3.44 3 5 mm 3 ; labeling thickness 100 mm; gap 22.5 mm. For SSS and SS, we acquired three pairs of control and label images at each eTE, with a scan time of 1.2 minutes. For IJVs, we acquired six pairs of control and labeled images at each eTE to improve the signal-to-noise ratio (SNR) at the IJVs. Figure 1 schematically demonstrates the TRUST technique and its imaging slice positioning.
Measurement of Venous Flow
We used a 2D PC MRI sequence to measure venous blood flow in the major draining veins, the SSS, the SS, and the IJVs. The PC MRI sequence is based on bipolar field gradients that encode flowing spins with gradient-echo acquisition using the shortest TR and The maximum velocity encoding (V enc ) in the through-plane direction ranged from 30-60 cm/s, depending on the vessel and the breathing state of the subject (Table 1 ). This is to achieve similar sensitivities of blood flow estimation using PC-MRI across different flow velocities of the vessels and breathing states. A lower V enc was preferred to increase the SNR of voxels near the edge of the vessel, as these voxels are known to have a slower flow velocity. For voxels where the flow velocity exceeded V enc , velocity aliasing correction was performed before further analysis, when needed. The PC imaging slices were positioned at the same locations on the major veins as in the TRUST MRI slices (Fig. 1) . Positioning of the imaging slices on the feeding arteries followed that reported in a previous study 28 ( Fig. 2) . The imaging slices were angulated such that they were perpendicular to the targeted vessel, with the center of the vessel in the center of the imaging slice.
Data Analysis
QUANTIFICATION OF VENOUS OXYGENATION. The TRUST MRI data were processed using an in-house MatLab script (MathWorks, Natick, MA) as described earlier. 29 After motion correction, pairwise subtraction of control and label images was performed to create a difference image, which yielded a pure blood signal. Next, a preliminary region of interest (ROI) was manually drawn on the difference image to include the vessel of interest. Then four voxels with the highest signals in the ROI on the difference images were chosen as the final mask for spatial averaging. Equation [1] was then fitted to the averaged blood signal to obtain a T 2 estimate, which was subsequently converted to Y v via a calibration plot. 23 For this, the hematocrit level was assumed to be 0.40 in females and 0.42 for males.
29
QUANTIFICATION OF VENOUS FLOW. Each PC MRI scan generated three images, an anatomic image, a magnitude image (called a complex difference image), and a velocity image. The velocity image was computed from the phase difference between two scans with opposite signs of bipolar gradients. Data processing of PC MRI followed a previously reported method. 28 First, as smaller V enc causes phase wrapping in the voxels with a flow velocity higher than V enc (usually in the center of the vessel), velocity aliasing correction 30 was performed when needed (Fig. 2B,C) .
Next, the rater manually drew an ROI on the magnitude image by tracing the vessel wall, based on the brightness of the voxels within the vessel. While doing this, the rater was careful not to include adjacent vessels. Next, blood flow (F) was calculated by integrating the velocities (v) over the vessel area (A) within the ROIs using the following formula:
where v is in the unit of mm/s, A in the unit of mm 2 . Therefore, the unit of F is milliliters of blood per second, ie, blood influx per unit time. We had two raters (P.L. and J.D., with 5 and 1 years of experience of PC MRI ROI drawing, respectively) draw the ROIs independently to evaluate the rater-dependence of the results.
Statistical Analysis
Statistical analysis was performed using SPSS (IBM SPSS Statistics for Windows, v. 21.0. Armonk, NY). Descriptive statistics were performed. The changes in oxygenation and cerebral blood flow from baseline to hyperoxia and hypercapnia, respectively, were tested using a paired-samples t-test. An analysis of variance (ANOVA) test was performed to assess changes in flow distribution from baseline to hypercapnia. P < 0.05 was considered statistically significant. Interrater reliability of flux quantification was evaluated with the Bland-Altman method. 31 
Results
Venous Oxygenation Measurements
The measured venous oxygenation (Y v ) at room air condition was 61 6 4%, 64 6 4%, and 62 6 4% in the SSS, the SS, and the IJVs, respectively (Fig. 3A) . The SS-Y v was significantly higher than the SSS-Y v (P 5 0.0003, Fig. 3A ). Under the hyperoxic condition, the Y v increased to 70 6 3%, 71 6 5%, and 68 6 5% in the SSS, the SS, and the IJVs, respectively (P < 0.01, P 5 0.59, and P < 0.05).
The EtO 2 and EtCO 2 levels under the room air condition and hyperoxia condition are shown in Table 2 .
Venous Flow Measurements
Mean blood flow (in ml/min) across all subjects (mean 6 standard deviation [SD]) of the whole-brain and the individual draining veins of the SS, the SSS, and the IJV under both room air and hypercapnic condition are shown in Table 3 .
Under room air conditions the SSS, SS, and IJVs drained 46 6 9%, 16 6 4%, and 79 6 1% of the arterial inflow, respectively (Fig. 4) . We found that the venous blood drained from the cortex (ie, flowed through the SSS) and that which drained from the deep brain structures (ie, flowed through the SS) comprised around 62% of the whole-brain blood (ie, total arterial inflow). Since the IJVs drain about 79% of the whole-brain blood flow, 17% of the total brain blood flow is drained through the cerebral and cerebellar veins, which drain into the venous sinuses after the sinus confluence (for instance, the vein of Labb e). Moreover, about 21% of cerebral blood was not drained by the IJVs, but via venous plexuses, which subsequently drain into the cervical veins and the external jugular veins (Fig. 4) .
Under hypercapnic condition, the drainage distribution did not show a significant change, and was 50 6 1%, 16 6 0.5%, and 82 6 1% for the SSS, SS, and IJVs, respectively (Table 3 ). The arterial inflow increased by 42% at hypercapnia (P < 0.001), while the venous drainage through the SSS, the SS, and the IJVs increased by 52%, 39%, and 49%, respectively (P < 0.01, P 5 0.073, and P < 0.01). The relative increase in blood flow from room air to hypercapnia did not differ significantly among the investigated vessels (P > 0.5).
The EtCO 2 levels under the room air condition and hypercapnia condition are shown in Table 2 .
Interrater Reliability of the Blood Flow Quantification Interrater reliability was determined to investigate the effect of manual delineation on blood flow quantification. In the ICAs, the flux values obtained by the two raters differed by 0.22% on average, with a 95% confidence interval (CI) of -0.23%, 0.67%. In the VA, the interrater difference was 0.95%, on average, with a 95% CI of -2.12%, 4.03%. In the SSS, the CBF values differed, on average, by 0.55%, with a 95% CI of 0.25%, 0.85%. The CBF values in the SS differed, on average, 3.43%, with a 95% CI of -3%, 9.8%. In the IJVs, the CBF values differed, on average, 1.73%, with a 95% CI of 1%, 2.5%. Our results demonstrated that there was close agreement on CBF quantification by different raters, suggesting that our CBF results have minimal rater-dependence.
Discussion
In this work we evaluated the distribution of oxygenation and flow in the venous drainage system of the brain. We provided the venous oxygenation and blood flow values as well as their distribution in major draining veins of the brain in eight normal subjects. The distribution of venous flow and oxygenation did not change under challenged states, which implies that, in normal volunteers, EtCO 2 and EtO 2 do not alter the distribution patterns of venous oxygenation and flow. HC, hypercapnia; DHC, the percentage flow change from baseline to hypercapnia; AI, arterial inflow, flow through the four brain feeding arteries; SSS, superior sagittal sinus; SS, straight sinus; IJVs, internal jugular veins. We found that the venous oxygenation results in the IJVs to be closely related to the results in the SSS. Therefore, if the goal is to know the whole-brain oxygen consumption, in healthy controls or in disease states without regional implications, Y v measurements on the SSS are good indicators of whole-brain oxygenation/metabolism. This is of importance, as IJV measurements require additional venogram for slice positioning, and require twice the scan duration to overcome the lower SNR at this area. Caution should be used in cases of disease conditions in which regional oxygen consumption may differ, for instance, in stroke conditions. In these cases, additional Y v measurements on the SS and the IJVs, feasible with TRUST MRI, can be considered.
With regard to flow, hypercapnia induced similar changes on both the arterial side and venous side. The changes of blood flow due to hypercapnia challenge are often referred to as cerebrovascular reactivity (CVR), which is an important index of vascular function in the brain. 32 Our results suggest that an evaluation of only the flow in the SSS under both baseline and hypercapnia states, in contrast to the evaluation on the arterial side that requires measurements in four arterial vessels, could provide a timeefficient way to assess whole-brain cerebrovascular reactivity in healthy subjects. However, care needs to be taken in the case of pathological conditions where regional vascular function could be affected.
In this study we applied TRUST MRI to measure the oxygenation in the SSS, the SS, and in the IJVs. Our results are comparable to the values found earlier using other T 2 -based measurements. Krishnamurthy et al found values of 59.8% and 63.5% in the SSS and SS, respectively. 34 Jain et al found values of 63%, 68%, and 65% in the SSS, the SS, and the IJVs, respectively 33 (for comparison, our values were 61%, 64%, and 62%, respectively). Similarly, those authors also found the oxygenation value in the IJVs to be closer to the oxygenation value found in the SSS than in the SS. 33 This agrees with our finding that oxygenation in the IJVs is mainly driven by cortical oxygen consumption, similar to the condition in which most flow that drains through the IJVs comes from the SSS. The consistently higher values in the SS may reflect lower oxygen metabolism in the deep tissue structures, which are drained by the SS and mainly consist of white matter. The oxygenation changes during the hyperoxic challenge in this study (D 5 19%) closely resemble the earlier reported increase in SSS oxygenation caused by hyperoxia, as found by Xu et al (D 5 111%). 20 We did not note a change in oxygenation distribution from baseline to hyperoxia, which suggests that the measurements were not influenced by a subject's EtO 2 , and thus, does not need to be considered. However, whether the same holds true in disease states must be confirmed. The reliability of noninvasive regional venous oxygenation measurements shows promise for the investigation of disease states. For instance, metabolism in the deep gray matter of patients with Huntington's disease was shown to decrease in the presymptomatic stage, and time to disease onset could be predicted based on those measurements. 8 However, for this invasive PET measurements are necessary, which cannot be repeated frequently due to the associated radiation exposure. In addition, further research is hampered due to the fact that invasive measurements are ethically more difficult to perform on healthy control subjects. Venous oxygenation measurements of the SS could be used as a surrogate for PET metabolism measurements in the deep gray matter, and therefore, may, potentially, become a noninvasive biomarker. A similar case holds true in infants with hypoxic-ischemic encephalopathy. In those infants, the instigation of neuroprotective treatment may be based on regional venous oxygenation as a surrogate for regional brain metabolism.
We compared venous flow in the main venous sinuses to the total arterial inflow. The results found in this study are of importance, as they provide reference values to which disease states can be compared. For instance, in the field of multiple sclerosis research there has been a debate about whether absolute venous blood flow differs between patients with multiple sclerosis and healthy controls. 5, 6 Physiological variation in blood flow complicates the investigation and this problem may be reduced by comparing relative blood flow values. In fact, one study demonstrated differences in relative blood flow in the IJVs, 35 which warrant further investigation. With the approach presented in this article, relative blood flow through all venous sinuses can be measured relatively easily with a noninvasive and fast MRIbased method. This way, patients can undergo these measurements at the same time as their MRI scan for diagnostic work-up. This article also presents, for the first time, venous flow distribution under challenged states. We did not find a difference in relative venous blood flow from baseline to hypercapnia in healthy controls, which suggests that a subject's EtCO 2 has little influence in venous flow distribution. However, whether the same holds true for pathological states still needs to be confirmed. Our absolute venous flow measurements in the SSS and in the SS are a bit higher than previously reported research. Schuchardt et al found values of 228 ml/min in the SSS and 60 ml/min in the SS, while we found 362 and 124 ml/min. 19 However, our comparison
with arterial inflow does demonstrate that the values that we found are in line with what can be expected. Even more so, the relative flow through the IJVs, as reported in our study (79%), is very close to the value found by Sethi et al (74%), 35 and we demonstrated that the rater effect did not introduce uncertainty in our flow quantification, as we found close agreement between two raters. Thus, the somewhat lower absolute flow values found in the study by Schuchardt et al might be explained by their lower image resolution, as we did not notice an important difference in velocity encoding. 19 Interestingly, it seems to be a consistent finding that the IJVs do not drain all the arterial inflow. 35 Around 20% of the brain's blood inflow seems to be drained via the venous plexuses, which subsequently drain into the cervical veins and external jugular veins. In addition, some blood fluid might drain through the brain's lymphatic system that line the venous sinuses. 36 Insight into normal venous blood flow values across the different sinuses is of importance, as it has been shown earlier that deviations of normal flow could be used as outcome markers or could be used to guide treatment. For instance, based on venous flow patterns one might be able to predict the occurrence of venous stroke in patients with venous thrombosis. 2 Or, hydrocephalus patients with hemodynamically significant venous stenosis may be helped with stent placement. 3 Venous flow measurements may help to unravel hydrocephalus, 37 and regional venous flow measurements may help in the understanding of the pathophysiology of traumatic brain injury. 38 The strength of this study is that we applied relatively simple measurements, TRUST MRI and PC MRI, to obtain information about venous oxygenation and flow distribution. The advantage of PC MRI is that it integrates vessel ROIs obtained during several repetitions to calculate venous flow. In this way, vessel variability, especially common in venous structures that have thin, nonmuscular walls and are easily compressible and distensible, is taken into account. Factors that induce variation in venous flow measurements of up to 20% are body/head position, 39 respiratory state, 40 and diurnal variation caused by hydration level and caffeine intake. 41 Similarly, oxygenation levels have been shown to differ over the time course of a day. 42 Therefore, future studies should be designed such that those variables are kept consistent over different patient populations. The findings from the present study need to be interpreted in the context of its limitations. First, the sample size of this study (N 5 8) is small and only young subjects (24-37 years old) were included. A larger-scaled study with broader age ranges could be performed in future to establish the normative values in an age-specific manner. Second, in the hyperoxia condition, we only measured venous oxygenation. Our EtCO 2 recording suggested that there is a small effect of hyperventilation-induced hypocapnia. Some studies showed that this hyperventilation effect may cause a small amount of blood flow change ($7% for 100%O 2 ), 43 but it has also been demonstrated that, after accounting for the hyperventilation effect, blood flow remains constant. 44 Therefore, adding additional measurement of blood flow during hyperoxia may provide more information on this topic.
In conclusion, we reported the venous oxygenation and flow distribution in the major draining veins of eight healthy subjects, which could be used to define abnormal values as markers for disease or to instigate treatment. These values could also be used as a benchmark to investigate the pathophysiology of disease and to develop biomarkers. Our findings support the use of oxygenation measurements in the SSS as a surrogate for whole-brain oxygenation in healthy or disease states that affect the whole brain, but also suggest that oxygenation measurements in the SS and IJV by TRUST MRI are feasible and reliable for the assessment of regional oxygenation/metabolism, when necessary. Our blood flow results also demonstrate that cerebrovascular reactivity measurements using PC MRI can be simplified by performing a measurement solely at the SSS.
